Redistribution has also been demonstrated clinically in patients with variant angina.5 Thallium-201 injected during angina resulted in large defects in images performed within 10-20 min of injection. Two or three hours later, after relief of angina, the defects had filled in.
Redistribution has been studied in the experimental animal by occluding coronary arteries of dogs for 20 min during which 201TI and labeled microspheres were injected into the left atrium.4 After 100 min of reperfusion, the relative 201TI activity in the previously ischemic area was significantly higher than the microsphere activity indicating that redistribution of the 201TI had occurred.
The present study was undertaken to better define the time course and mechanism of 201TI redistribution. The pig was used as an experimental animal in the initial portion of this study because it has a less extensive and less variable collateral circulation than the dog.67 area was ischemic could be determined by looking at the microsphere activity in that area.
Differentiation of 201TI radiation from 4ffSc radiation was accomplished by appropriate settings on the pulse height analyzer. There was insignificant crossover of counts from the higher energy radiation of 46Sc into the lower energy 2elTl channel because of the high ratio of 21TI/46Sc administered. The plasma, samples were also assayed for 201Tl radioactivity in the well counter.
To calculate the ratio of counts in ischemic compared with normal myocardium, the counts per weight of sections of normal myocardium were averaged as were those from the lowest count sections of ischemic myocardium. Absolute myocardial blood flow was calculated by using the reference sample obtained during the injection of microspheres. Knowing the rate of withdrawal of the reference sample (Qr) and the 4"Sc radioactivity in the reference sample (Cr) and assuming that the ratio of flow and radioactivity should be identical in all organs because uniform mixing of microspheres with blood should occur during passage through the left ventricle, myocardial blood flow (Qm) was determined by measuring the myocardial 4"Sc radioactivity (Cm) and calculating Qmn = Qr * Cm/Cr.8
Myocardial Extraction of 201TI in the Dog
In order to better define the mechanism of redistribution of 201TI, the coronary arteriovenous difference for 207T1 was determined in six dogs. These animals were anesthetized with pentobarbital (30 mg/kg). Their chests were opened and catheters were placed in the central aorta and the coronary sinus. Each animal received 0.5 to 4 mCi of 201Tl intravenously after which simultaneous arterial and coronary sinus samples were withdrawn at frequent intervals for 40 min.
In five animals these studies were performed with the coronary circulation intact. In ten studies in six animals the left anterior descending coronary artery was occluded for 2 min prior to injection of thallium. In six of these studies the occlusion was released 10 min after it was applied or 8 min after thallium injection. In the other four studies the occlusion was released 20 min after it was applied or 18 min after thallium injection.
The order of performing the control study and the 10 and 20 min occlusions was varied in the six animals. A minimum of 45 min was allowed between 201T1 injections. The dose of 211Tl was doubled for each sequential study in a given animal. The blood samples were all analyzed in duplicate and the two values were averaged. Table 1 shows the percent of normal myocardial activity in the center of the ischemic area for both 201Tl and microspheres at various times after reflow. In the animal sacrificed after 4 min of occlusion without reflow, the reduction of microspheres and thallium in the ischemic area was Two animals sacrificed 5 min after reflow showed considerable disparity between microsphere and thallium activity in the ischemic area (201T1 44.3% of normal; microspheres 15.4% of normal). In these animals microsphere activity in the ischemic area was higher than in other animals in the series, probably reflecting a somewhat higher collateral flow in these pigs. In animals sacrificed 15 to 105 min after reflow, thallium activity continued to be relatively high (average 69.1% of normal) whereas microsphere activity remained low (average 6.4% of normal) ( fig. 2) .
Results
At the time of release of the occlusion (2.5 min after injection), 201TI activity in arterial plasma averaged 0.6% of the injected dose per 100 cc of plasma. At 15 min after injection, it had fallen to 0.1I% per 100 cc and at 30 min, it was 0.07% per 100 cc.
The absolute flows in normal myocardium and in the center of the ischemic area were calculated for six of the seven pigs using the microsphere technique. Flow in the normal left ventricular myocardium averaged 0.77 ± 0.25 cc/min/g, whereas that in the center of the ischemic zone averaged 0.055 ± 0.034 cc/min/g. Figure 3 shows the average myocardial extraction ratios for 201TI during the three experimental protocols in dogs. With an. intact coronary circulation myocardial arteriovenous difference fell progressively and became negative at 10 min after thallium injection. When coronary occlusion was produced two minutes before injection, arteriovenous differences were nearly identical to those in the control animals until the time of release (8 and 18 min after thallium injection) when arteriovenous differences increased and remained at higher levels. Extraction ratio changes did not reach statistical significance in this small number of experiments. Sample Number min of reflow. In thisfigure, the highest activity was taken as 100%. The relative activity of the thallium-201 in the ischemic area is considerably higher than that of the microspheres. Discussion This study demonstrates quantitatively that there is very rapid redistribution of 201T1 after reperfusion of ischemic myocardium. In the animal sacrificed after coronary occlusion without reflow, the relative thallium activity was only slightly higher than microsphere activity, a finding in agreement with the results obtained by Pohost studies during which exercise usually is stopped 1 to 3 min after radionuclide injection.
Two possible mechanisms could account for the redistribution of 201T1 after ischemia is relieved. Diffusion of 201T1 from normal to ischemic myocardium is unlikely to be contributory since it would probably affect only several millimeters at the border and because of the rapidity of the redistribution in our studies. Another possibility is that the defect may be filled in by gradual extraction of the 201TI from the blood pool.4 This latter mechanism would require that blood levels of 201TI remain high enough at the time of relief of ischemia to provide adequate radionuclide for myocardial uptake.
Since myocardial arteriovenous thallium difference became negative an average of 10 min after injection in the control studies, myocardial concentration would be expected to reach its peak at that time. Thereafter myocardial release of thallium should occur. When a coronary occlusion was released after thallium injection, the sustained increase in myocardial extraction suggests the uptake of radionuclide from the blood pool in the previously ischemic area. Therefore if a transient occlusion is released in the first 10 min following thallium injection, the relative increase in activity in the previously ischemic area is likely to represent more radionuclide uptake by this low activity zone as compared to the normal myocardium. After 10 min, the relative increase in the previously ischemic zone can be attributed to simultaneous loss from normal myocardium and uptake by the ischemic area. This latter situation can be viewed as a true redistribution of thallium from normal to previously ischemic myocardium via the blood pool.
In the pig studies, at the time of release of the occlusion 21/2 min after 201T1 injection, the plasma level of 201TI was 0.6% of the injected dose per 100 cc of plasma. This plasma level continued to fall, reaching 0.07% per 100 cc 30 min after injection. The rate of thallium accumulation in the previously ischemic myocardium might therefore be expected to be highest immediately after release of occlusion while blood activity is highest. This phenomenon may account for the rapid increase in activity in the ischemic area within 5 min after reperfusion and the relative plateau that is reached at 15 min. If the artery had been occluded for a longer period of time so that reflow occurred at a time when the plasma 201TI level was lower, it is likely that the amount of 201TI taken up during the first minutes after reflow would have been lower. An important difference between our model and clinical exercise-induced ischemia is the state of the coronary artery in the postischemic jperiod. At that time, the artery in our model was normal and significant reactive hyperemia probably occurred. In contrast, in exercise-induced ischemia, the artery supplying the ischemic area should remain narrowed and reactive hyperemia may be limited or absent. If reactive hyperemia had been prevented in our model, the rate of 201TI uptake by the ischemic area after reflow might have been slower since less radioactivity would have been delivered to the ischemic area per unit time after relief of ischemia.
Although the hemodynamics of this model are not completely analogous to exercise-induced ischemia, our results demonstrate that redistribution of 201T1 can occur very quickly after reperfusion of a previously ischemic area.The sensitivity of exercise perfusion imaging depends on the ratio of radioactivity in the normal area to that in the ischemic area and on the size of the ischemic area. If uptake of 201Tl in the ischemic area begins soon after the relief of ischemia, the ratio of radioactivity in the normal area to that in the abnormal area may quickly decrease. Therefore, even a short delay between relief of ischemia and the start of imaging may decrease the sensitivity of the technique.
